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ABSTRACT 


Rate  data  have  been  obtained  by  gas-quenching  iron- 
manganese  alloys  containing  up  to  10  at.  pet.  manganese. 
Much  higher  cooling  rates  have  been  attained  than  those 
previously  reported  for  this  system.  The  surface  features 
of  quenched  specimens  that  were  pre-polished  have  been 
examined.  The  microstructures  of  the  quenched  specimens 
have  also  been  examined. 

The  transformation  temperature  of  each  alloy  has 
been  depressed  to  a  lower  temperature  than  has  been  pre¬ 
viously  reported.  Some  new  information  has  been  obtained 
regarding  the  probable  mechanism  of  transformation  at  high 
cooling  rates  in  this  region  of  the  iron -manganese  system. 
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CHAPTER  I 


INTRODUCTION  AND  LITERATURE  REVIEW 

General  Review 

The  term  "martensite"  was  first  used  in  honour  of  Pro¬ 
fessor  A.  Martens  in  1895,  when  Osmond  (1)  gave  his  name  to 
the  very  hard,  plate-like  micro-constituents  found  in  rapidly 
cooled  steels.  Osmond  suggested  that  the  plates  were  repre¬ 
sentative  of  an  allotropic  form  of  iron  which  was  assumed 
under  the  influence  of  carbon.  The  next  important  charac¬ 
teristic  of  martensite  to  be  reported  was  in  1905  by  Dumas  (2) 
who  observed  that  when  a  polished  sample  of  nickel  steel  was 
rapidly  cooled  the  surface  acquired  a  relief  effect,  and 
those  parts  that  had  been  transformed  into  martensite  were 
those  which  projected  above  the  surface.  Then,  in  1909,  Le 
Chatelier  (3)  stated  that  martensite  was  a  solution  of  carbon 
in  iron  which  was  "not  normally  stable  at  any  temperature  and 
can  only  be  preserved  in  this  unstable  state  at  low  tempera¬ 
tures"  . 

The  great  leap  forward  in  the  investigation  of  marten¬ 
site  came  in  1926  when  Fink  and  Campbell  (4)  first  applied 
X-ray  methods  to  the  investigation  of  martensite.  They 
showed  that  martensite,  which  formed  on  quenching  high  carbon 
steels,  had  a  body-centered-tetragonal  structure. 

A  few  years  later  a  number  of  investigators,  including 
Ohman  (5)  in  1930,  Gayler  (6)  in  1933,  and  Troiano  and 
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McGuire  (7)  in  1943,  studied  the  iron-manganese  system  and 
found  that  on  quenching  the  higher  manganese  alloys,  a 
close-packed  hexagonal  phase  was  formed,  which  Troiano  and 
McGuire  showed  to  be  martensitic. 

In  1946  Troiano  and  Greninger  (8) ,  in  their  review 
of  martensite  transformations,  pointed  out  that  these  were 
similar  to  many  diffusionless  transformations  in  many  other 
alloy  systems  and  even  in  pure  metals.  They  thus  gave  mar¬ 
tensite  the  broad  meaning  it  has  today  by  designating  the 
martensite  transformation  as  a  class  of  solid-state  trans¬ 
formation  . 

This  new  outlook  enabled  greater  progress  to  be  made 
in  the  understanding  of  the  martensite  transformation  and 
permitted  some  general  definition  of  the  martensite  trans¬ 
formation  to  be  attempted. 

The  characteristics  which  are  generally  applicable 
to  transformations  that  are  accepted  today  as  martensitic 
may  be  listed  as  follows: 


1.  There  is  a  characteristic  change  of  shape, 

which  is  revealed  as  a  tilting  of  trans¬ 
formed  regions  of  the  surface  of  a  specimen, 
polished  flat  prior  to  the  transformation. 
This  tilting  implies  that  atomic  movements 
are  regular  and  coordinated  and  such  a  con¬ 
tention  is  supported  by  the  fact  that  if 
the  parent  phase  contains  a  superlattice , 
the  martensitic  phase  also  contains  a  super¬ 
lattice  (9)  . 

2.  The  transformation  is  diffusionless;  the  product 

has  the  same  composition  as  the  parent  phase. 


There  is  no  interchange  of  atoms,  although 
deformation  of  the  product  may  occur,  for 
example,  by  slip  (8) . 
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3.  All  martensites  have  what  is  known  as  a  "habit 

plane".  This  is  a  plane  which  has,  at  least 
approximately,  a  fixed  orientation  relative 
to  the  parent  lattice;  that  is,  all  direc¬ 
tions  in  this  plane  are  unrotated  and 
unchanged  in  length.  However,  a  small  uni¬ 
axial  expansion  in  the  habit  plane  is  usually 
observed . 

4.  Once  nucleated,  a  martensite  plate  propagates  at 

speeds  approaching  the  speed  of  sound  in  the 
metal,  even  at  low  temperatures  (10,  11) . 

Thus,  the  activation  energy  for  the  propaga¬ 
tion  of  the  martensite  plate  must  be  very 
small . 

5.  In  general,  martensite  plates  forming  in  a  sin¬ 

gle  parent  crystal,  all  form  with  equivalent 
variants  of  the  habit  plane  and  orientation 
relationships.  And,  providing  diffusion- 
controlled  reactions  can  be  avoided,  the 
reverse  transformation  is  also  martensitic; 
in  such  cases  the  configuration  usually 
reverts  to  a  single  crystal  with  the  original 
orientation  and  shape.  Further,  in  subsequent 
cooling  transformations,  the  martensite  plates 
frequently  form  in  exactly  the  same  places  and 
with  the  same  shape  as  in  the  first  transfor¬ 
mation  (9,  12)  . 

6.  Although  a  single  martensite  plate  propagates 

very  rapidly,  the  overall  production  of  mar¬ 
tensite  may  not  be  very  fast.  The  reaction 
usually  occurs  in  bursts  with  preferred 
nucleation  of  further  plates  occurring  in  the 
parent  phase  adjacent  to  the  previously  trans¬ 
formed  material. 

7 .  The  martensite  start  (or  Ms)  temperature  is 

unique  for  a  particular  composition  and  in 
many  alloys  cannot  be  depressed,  no  matter  how 
fast  the  cooling  rates.  The  Ms  temperature  is 
generally  lowered  with  increased  solute  content. 

8.  The  constancy  of  Ms,  together  with  the  observation 

that  the  transformation  only  occurs  as  the 
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metal  is  being  cooled,  led  to  the  conclusion 
that  the  martensite  reaction  is  athermal. 

This  hypothesis  is  tenable  for  many  iron  base 
alloys;  however,  a  number  of  isothermal  mar¬ 
tensites  have  been  discovered  (13,  14,  15,  16) 
in  which  the  transformation  may  be  shown  to 
take  place  iso thermally  or  in  which  the  Ms 
temperature  is  depressed  by  increased  cooling 
rates . 

9.  The  martensite  transformation  may  be  made  to 

occur  above  the  Ms  temperature  by  mechanically 
working  the  parent  phase.  The  Ms,  however, 
can  only  be  raised  in  this  manner  to  a  certain 
critical  temperature  Md  (17). 

10.  Athermal  martensite  transformations  are  also 

characterized  by  a  phenomenon  known  as "stabi¬ 
lization:"  if  the  material  which  is  being 
cooled  below  the  Ms  temperature  is  held  at  a 
constant  temperature,  the  transformation  will 
cease.  If  now  the  cooling  is  resumed,  the 
transformation  will  not  begin  immediately  but 
at  some  temperature  lower  than  the  holding 
temperature  (18) . 

11.  Martensite  is  generally  held  to  be  a  metastable 

phase;  it  has  a  higher  free  energy  than  the 
normal  equilibrium  phase  at  the  temperature 
at  which  martensite  is  formed  (19) . 


Theories  of  Martensite  Transformations 


The  first  attempt  to  describe  the  shifting  of  atoms 
in  a  martensite  transformation  was  made  by  Bain  (20) ,  who 
proposed  a  mechanism  for  the  f ace-centered-cubic  to  body- 
centered-tetragonal  transformation  in  steel.  A  f ace- 
centered-cubic  structure  referred  to  different  axes  is 
identical  to  a  body-centered-tetragonal  structure  having  an 
axial  ratio  of  s/2.  Hence,  Bain  suggested  that  the  marten¬ 
site  transformation  in  steel  could  be  regarded  as  a 
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distortion  of  one  body-centered  tetragonal  structure  with 
an  axial  ratio  of  s/2  into  another,  which  has  an  axial  ratio 
of  martensite.  He  therefore  proposed  that  the  transforma¬ 
tion  should  proceed  with  a  compression  of  the  c-axis  and  an 
expansion  of  the  a-axis  until  the  axial  ratio  of  martensite 
was  reached.  Measurements  of  habit  planes,  orientation 
relationships,  and  change  in  shape  of  the  transformed  volume 
have  shown  that  the  transformation  does  not  occur  in  this 
way. 

In  1930  Kurdyumov  and  Sachs  (21,  22)  determined  the 
orientation  relationships  between  martensite  and  austenite 
in  1.4  wt.  pet.  C  steel,  and  proposed  a  transformation 
mechanism  to  account  for  them.  They  proposed  that  marten¬ 
site  is  formed  by  two  consecutive  shears  (111)^  [ll2]  A 

and  (112k,  [1111,.  This  mechanism  led  to  the  correct 

orientation  relationships  and  to  approximately  the  correct 
structure.  However,  it  is  not  consistent  with  the  observed 
habit  plane  and  relief  effects  on  polished  surfaces  (23) . 

In  1943  Nishiyama  (24) ,  after  finding  a  slightly 
different  orientation  relationship  in  a  70:20  iron-nickel 
alloy,  proposed  a  different  mechanism.  He  proposed  that 
this  transformation  occurred  by  means  of  a  single  shear  of 
19° 28'  on  (111)A  [il2|A  (the  first  step  of  the  Kurdyumov 
and  Sachs  mechanism) .  Then  instead  of  a  second  shear, 
Nishiyama  proposed  a  "readjustment"  of  the  atoms,  to  arrive 
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at  the  correct  orientation  relationship.  However,  this 
theory  had  the  same  shortcomings  as  the  Kurdyumov  and  Sachs 
theory. 

The  first  attempt  to  determine  a  transformation 
mechanism  consistent  with  the  observed  irrational  habit 
plane  as  well  as  with  the  observed  structure  and  lattice 
relationships  was  made  by  Greninger  and  Troiano  (25) .  Work¬ 
ing  with  Fe-22  at.  pet.  Ni,  they  found  the  habit  plane  was 
(259)^.  From  this  and  a  goniometric  analysis  of  relief 
effects,  they  were  able  to  determine  the  direction  and  mag¬ 
nitude  of  the  shear,  and  they  proposed  that  the  transforma¬ 
tion  occurred  in  two  stages,  the  first  stage  being  a  homo¬ 
geneous  shear  on  the  habit  plane  and  producing  the  observed 
relief  effects.  The  second  stage  is  a  shear  that  is  homo¬ 
geneous  within  lamellae  (which  are  on  the  average  not  less 
than  18  atom  planes)  but  is  macroscopically  heterogeneous, 
causing  no  observable  change  in  shape  of  the  transformed 
volume.  Support  for  this  suggestion  comes  from  the  fact 
that  the  second  shear  occurs  on  the  martensite  twinning 
elements  and  martensite  plates  frequently  show  transverse 
markings,  which  correspond  to  traces  of  the  (112)  plane 
(the  second  shear  in  the  proposed  mechanism  being  on  the 
(H2)m  [ill]  M  system)  . 

This  explains  the  observed  relief  effects,  habit 
plane  and  orientation  relationships;  but  the  predicted  mar¬ 
tensite  dimensions  are  too  small,  and  it  is  necessary  to 
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propose  an  anisotropic  expansion  during  the  transformation. 
Nor  is  the  mechanism  applicable  to  alloys  of  other  composi¬ 
tions  (23)  than  Fe-22  at.  pet.  Ni. 

Theories  of  nucleation  of  martensite  fall  into  two 
categories — homogeneous  and  heterogeneous.  Homogeneous 
nucleation  requires  embryos  or  nuclei  in  a  state  of  suspen¬ 
ded  animation,  which  are  formed  purely  by  thermal  activa¬ 
tion  in  a  region  of  parent  lattice  that  is  not  structurally 
abnormal.  Slight  fluctuations  of  composition  are  assumed 
to  be  possible  in  spite  of  low  temperatures.  Heterogeneous 
nucleation  theories  involve  dislocations  with  associated 
stacking  faults  to  provide  nucleation  sites. 


REVIEW  OF  INVESTIGATIONS  ON  TRANSFORMATIONS 
IN  IRON-MANGANESE  ALLOYS 

Iron-manganese  alloys  are  interesting  in  that  from 
zero  to  20  at.  pet.  Mn.  ©(-(b.c.c.)  martensite  may  be  found 
and  from  11.8  at.  pet.  to  29  at.  pet.  Mn.  £-(c.p.h.)  marten¬ 
site  may  occur.  This  second  range  is  particularly  interes¬ 
ting  because  of  the  recent  controversy  whether  the  £ -phase 
may  actually  nucleate  «< -martensite  under  certain  conditions 
in  austenitic  steels  (28,  29,  30) .  However,  this  thesis  is 
concerned  only  with  iron-manganese  alloys  having  composi¬ 
tions  between  1  at.  pet.  and  10  at.  pet.  Mn.  Very  little 
work  seems  to  have  been  published  recently  about  this 


:?  v:;.r.  -nr, :  7,  -r  -  ^:oqo:tq 

I-:  .:  ".-  -  ;:o  \  .  <  a.  ,  .■■  •  b  •  “  :  1.  •, .  ?.*•  r  -nt  ■■■•■■!  “nt  :■  ,t;  riOff 

.  .  '  v;:  vv:; . 

-  : 

;; kf o ->n3Dr" is  ~ aH 

.j3v  ._:looa3B  rfd-xw  Bnax;rs^alai&  3Vic\  ni  :  •  :.a  ;  miigwbyfi 

.  e  ,  "3  n  c  b,  .  :  .  c  ^  >:."x 


■  it  rTADi  ■  ■  mxvs 

'  .  r  i,u  •■I- 


.  V  .  \  :  .  JLCX  V/  '  ;  B;p'~  liG "ll 

■  •  ;  ■  .  «  c 

.  I  3  |i  me 

.  -  ■  > .  •  i  •  . 

"■  ■■■  .■  <r'r- ..  ,  :  ;  : 

■ ..  -  “  .  ' 
r  b  0.1  j  iD:£X£.;;s  fii 

r  :•■■■;■■  ,  -  -  rx  .  x  .  &  -,rxr  .x.xx 

.  t:  ,■  '  •■.■■■  J  .  ■  j:.: 

'»•  Vi  -  :  -  . 


8 


composition  range  of  the  binary  iron-manganese  system,  and 
it  was  thought  desirable  that  this  subject  should  be  re¬ 
opened,  using  the  faster  quenching  rates  and  more  accurate 
recording  apparatus  now  available.  The  work  is  particularly 
intriguing  because  a  number  of  transformations  previously 
reported  as  being  martensitic  have  recently  been  shown  (31, 
32,  33)  to  be  "massive"  in  character. 

Possibly  the  first  reference  to  martensite  in  iron- 
manganese  alloys  was  the  observation  by  Osmond  and  Cartaud 
(34)  in  1906  that  a  "twinned  structure  of  quenched  manganese 
steel  recalls  martensite  exactly"?  transformation  stresses 
below  the  transformation  temperature  of  400°C  were  suggested 
as  an  explanation  of  the  twins. 

Ohman  (26)  in  1929  was  probably  the  first  investi¬ 
gator  to  derive  an  equilibrium  diagram  of  the  low  manganese 
part  of  the  system,  basing  his  conclusions  upon  a  comprehen¬ 
sive  X-ray  diffraction  study.  In  the  course  of  his  investi¬ 
gations,  he  observed  the  presence  of  a  super-saturated 
c< -phase,  which  he  called  alpha  prime  and  which  he  carefully 
distinguished  from  the  equilibrium  alpha  phase.  But  it 
appears  from  the  literature  of  this  period  that  no  one  was 
prepared  to  commit  himself  to  the  view  that  metastable  mar¬ 
tensite  phases  occurred  in  these  alloys?  in  fact,  these 
structures  were  often  included  in  the  diagrams  as  equili¬ 
brium  phases.  For  example,  Ishwara  (1930)  believed  that  the 
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epsilon  phase  is  formed  by  a  peritectoid  reaction  (35) . 

With  the  important  work  of  Gayler  (6) ,  Walters  and  Wells 
(36,  37,  38)  between  1930  and  1935,  and  later  that  of 
Troiano  and  McGuire  (7)  in  1943,  a  reasonable  equilibrium 
diagram  was  derived — the  diagram  that  is  generally  accepted 
today . 

Very  little  work  appears  to  have  been  done  using 
high  cooling  rates  to  study  transformation  temperatures  in 
this  alloy.  Walters  and  Wells  (36)  cooled  samples  at  a 
rate  of  4  secs,  per  °C .  Troiano  and  McGuire  (7)  quenched 
specimens  at  rates  of  450°C  per  sec.,  3000°C  per  sec.,  and 
9000°C  per  sec.,  but  only  plotted  a  curve  of  transformation 
temperature  versus  manganese  content  at  the  450°C  per  sec. 
rate.  Troiano  and  McGuire  also  established  that  the 
phases  oif  and  £  were  metastable  and  martensitic.  However, 
they  only  established  that  these  phases  were  martensitic 
through  metallographic  evidence  on  transformed,  polished 
and  etched  samples  and  because  the  transformation  tempera¬ 
ture  was  (for  alloys  with  greater  than  3.2  pet.  Mn  )  con¬ 
stant  for  three  different  cooling  velocities  (450,  3000 
and  9000°C  per  sec.).  This  evidence,  based  on  only  three 
cooling  rates,  does  not  appear  to  be  conclusive;  and  if  the 
critical  rooling  rates  for  the  alloys  below  3.2  at  pet.  Mn 
were  more  than  3000°C  per  sec.,  no  independence  of  trans¬ 
formation  temperature  from  cooling  velocity  would  have  been 
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observed  as  the  authors  admit  in  a  reply  to  the  discussion 
of  their  paper.  They  also  add  that  "additional  experi¬ 
mental  data  are  necessary  before  any  further  conclusions 
can  be  drawn"  in  this  respect.  A  review  of  the  literature 
since  this  date  reveals  only  one  further  investigation  of 
the  8  °<  transformation  in  alloys  containing  below  10 

pet.  Mn.  This  is  the  work  of  Jones  and  Pumphrey  (39)  in 
1949  using  dilatometry.  They  concluded  that  the  K  — >  c< 
transformations  in  Fe-Ni  and  Fe-Mn  alloys  are  diffusionless 
within  the  cooling  rate  range  of  2°C  per  min.  and  150°C  per 
min.  They  also  plotted  a  transformation  temperature  versus 
manganese  content  curve  for  a  fixed  cooling  rate  of  10°C 
per  min.  Since  it  has  been  shown  (31,  32)  that  the  trans¬ 
formation  temperatures  of  Fe-Ni  can  be  depressed  consider¬ 
ably  with  increased  cooling  rates,  it  would  be  surprising 
if  this  were  not  also  the  case  in  the  corresponding  part  of 
the  Fe-Mn  system  as  the  constitutional  diagrams  of  the  two 
systems  are  very  similar.  Cooling  rates  versus  transfor¬ 
mation  temperature  data  with  supplementary  metallographic 
evidence  will  be  presented  in  this  thesis  with  which  it  is 
hoped  to  fill  in  some  of  the  gaps  in  the  knowledge  of  this 
alloy  system,  to  answer  some  of  these  questions  and  perhaps 


pose  new  ones. 
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THE  MASSIVE  TRANSFORMATION 

This  transformation  is  closely  allied  to  the  marten¬ 
sitic  transformation  and  the  transformations  may  be  confused. 
It  should  therefore  be  discussed. 

Massive  o(  grains  may  be  obtained  by  quenching  cer¬ 
tain  iron  base  alloys  from  the  X  -phase,  e.g.  Fe-Ni  alloys 
(31,  32) .  For  a  considerable  range  of  cooling  rates  the 
massive  transformation  is  independent  of  cooling  rate  (32) . 
They  often  appear  as  large,  straight-edged  grains  indicating 
that  many  of  the  grain  boundaries  are  of  low  energy  (32) . 

Hull  and  Garwood  (40)  observed  this  type  of  pheno¬ 
menon  while  investigating  copper-zinc  alloys  and,  in  some  of 
these  alloys,  it  was  found  that  the  transformation  from  the 
parent  phase  was  only  partially  complete.  Hence,  they  were 
able  to  determine  the  orientation  of  the  massive  grains  with 
respect  to  the  original  parent  phase.  They  found  that,  in 
the  majority  of  cases,  the  habit  of  the  straight  edges  could 
be  accounted  for  by  accepting  the  martensite  habit  plane 
previously  proposed  for  the  low  temperature  martensite 
transformation  that  occurs  in  the  alloy. 

Bowles  and  Barrett  (23)  suggested  that  if  the  orien¬ 
tation  relationships  of  the  two  transformations  (massive  and 
martensitic)  with  respect  to  the  parent  phase  is  the  same, 
then  the  two  metastable  phases  may  well  have  grown  from  the 


same  nucleus. 
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Massalski  (41)  suggests  that  if  the  quenching  rate 
is  rapid  enough  to  suppress  the  equilibrium  phase  but  not 
enough  to  promote  a  martensite  transformation,  and  the 
supersaturation  is  great  enough,  the  parent  phase  may 
decompose  by  the  massive  process  of  rapid  growth  of  inco¬ 
herent  grain  boundaries.  For  a  smaller  degree  of  super¬ 
saturation  and  less  rapid  cooling  rates,  some  massive  grains 
may  nucleate  coherently  on  the  strain  invariant  planes  of 
the  parent  phases  and  if  the  Ms  temperature  and  the  massive 
transformation  temperature  are  comparatively  high,  the 
resulting  transformation  is  a  mixture  of  both  shear  and 
growth  by  short  range  diffusion. 

In  this  light  the  massive  transformation  may  be 
regarded  as  intermediate  between  normal  nucleation  and 
growth  and  the  martensite  transformation  in  the  following 
respects : 

1.  Structural  relationship:  massive  transformations 

observed,  correspond  in  crystal  structure  to 
the  equilibrium  phase  already  in  the  phase 
diagram  but  supersaturated  to  compositions 
which  lie  outside  its  normal  homogeneity 
limits . 

2.  Metallographic  features. 

Amount  of  diffusion  required:  massive  transfor¬ 
mations  require  only  short  range  grain  boun¬ 
dary  diffusion. 


3  . 


. 


CHAPTER  II 


EXPERIMENTAL  PROCEDURE 

Specimen  Preparation 

Materials  Used.  The  specimens  were  prepared  from 
FERROVAC  E.  CD.  Natural  Iron  bar  obtained  from 

The  Crucible  Steel  Co.  of  America 
Syracuse,  N.  Y.,  U.  S.  A. 
and  from  manganese  obtained  from 

Johnson,  Matthey  Co.  Ltd. 

London 


Lab 

No.  C. 23578, 

Cat.  No.  J.M.810 

1 . 

Chemical  Analysis 

of  Ferrovac  Iron 

Impurity 

Wt.  pet. 

Impurity 

Wt.  pet. 

Carbon 

0.009 

Cobalt 

0.007 

Manganese 

0.002 

Copper 

0.014 

Sulphur 

0.007 

Aluminium 

0.01 

Silicon 

0.006 

Nitrogen 

0.0003 

Nickel 

0.04 

Oxygen 

0.008 

Chromium 

0.01 

Hydrogen 

0.00006 

Vanadium 

0.004 

Lead 

0.0004 

Molybdenum 

0.01 

. 


.. 

*  - 
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Chemical  Analysis  of  John son -Matthey  Manganese 

Magnesium  . ,30  p.p.m. 

Iron  .  5  p.p.m. 

Silicon  . 3  p.p.m. 

Copper  .  1  p.p.m. 

The  following  elements  were  sought  but  not  detected, 

i.e.  either  they  were  not  present  or  were  below  limits  of 
detection : 


Ag . 

Al. 

As . 

B. 

Ba . 

Bi  . 

Ca. 

Cd. 

Co. 

Cs. 

G  a . 

Ge . 

Hg. 

Hf . 

In . 

Ir . 

K. 

Li  . 

Mo . 

Na. 

Nb. 

Os . 

P. 

Pb. 

Pd. 

Pt. 

Rb. 

Rh. 

Rn . 

Sb. 

Se . 

Sn . 

Sr. 

Ta. 

Te . 

Ti  . 

• 

i — 1 

V. 

w. 

Zn . 

Zr . 

Alloy  Preparation.  Specimens  of  approximately 
40  gms.  each,  containing  nominally  1  at.  pet.,  2  at.  pet., 

5  at.  pet.,  7  at.  pet.,  10  at.  pet.  manganese,  were  pre¬ 
pared  from  the  above  materials. 

Approximately  30  gms.  of  iron  was  cut  from  the  bar 
and  drilled  so  that  the  required  amount  of  manganese  could 
be  placed  in  the  hole.  The  iron  was  then  carefully  cleaned 
in  alcohol  and  weighed.  A  weighed  amount  of  manganese  was 
then  placed  in  the  drilled  hole  of  the  previously  weighed 
iron  (this  was  done  to  try  and  reduce  as  much  as  possible 
the  loss  in  the  more  volatile  manganese)  and  the  composite 
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was  then  placed  in  a  flowing  argon  electric  arc  furnace. 

The  arc  furnace  was  powered  by  a  32  volts  D.C.  arc  welder 
power  supply  delivering  about  160  amps.,  the  initial  arc 
being  stabilized  by  a  superimposed  high-frequency  source. 

After  the  initial  melt  the  alloy  was  inspected?  if 
it  appeared  to  be  clean  it  was  remelted  to  ensure  homo¬ 
geneity.  If  the  remelted  alloy  showed  a  bright,  clean 
surface,  the  alloy  was  retained  for  use.  On  comparing  the 
weight  of  alloy  with  the  weight  of  material  placed  in  the 
furnace,  some  loss  of  weight  was  observed.  Drillings  were 
taken  from  each  alloy  and  sent  to  Technical  Services  Labora¬ 
tories,  33  King  Street  W.,  Toronto  2B,  Ontario,  Canada.  The 


results  of  the  analyses  were  as 

follows : 

Nominal  At.  pet. 

Analyzed  At.  pet. 

1 

0.82 

2 

1.82 

5 

4.90 

7 

6.30 

10 

9.60 

A  small  piece  was  cut  from  each  ingot  and  reduced  by 
cold  rolling  to  75%.  Specimens  of  this  cold  worked  material 
were  then  taken  for  each  alloy  composition,  wrapped  in  molyb 
denum  foil  and  placed  in  a  flowing  argon  furnace.  The  fur¬ 
nace  was  evacuated  with  a  mechanical  pump  and  flushed  with 


16 


argon  while  the  furnace  was  cold.  Argon  was  allowed  to  flow 
very  slowly  through  the  furnace  while  the  specimens  were 
heated  to  950°C  for  a  six-hour  annealing  treatment.  This 
step  completed  the  homogenization  of  the  material.  Only 
those  samples  whose  molybdenum  foil  wrapping  after  this 
stage  remained  bright,  were  used. 

After  their  annealing  treatment,  specimens  were  rolled 
to  approximately  0.003  in.  Pieces  of  these  specimens,  appro¬ 
ximately  1/8  in.  square,  were  cut  and  folded  in  two  with 
twisted  chromel-alumel  thermocouple  wires  (0.003  in.  dia.) 
sandwiched  between,  and  spot  welded.  As  small  a  current  as 
possible  was  used  in  spot  welding  to  prevent  oxidation  of  the 
sample.  The  specimen  on  the  end  of  the  thermocouple  wires 
was  cut  to  the  desired  size  using  scissors  under  a  low- 
powered  microscope. 


Quenching  Apparatus 


Cooling-rate  studies  were  made  using  a  gas  quenching 
apparatus.  The  three  essential  features  of  this  are: 


(a)  The  quenching  unit? 

(b)  The  vacuum  system--to  enclose  the  specimen  in  a 

vacuum  during  each  experiment? 

(c)  The  apparatus  required  to  record  the  cooling 


rates . 
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The  Quench  Unit.  The  specimen  was  held  by  its 
thermocouple  wires  inside  an  evacuated  bell- jar  over  the 
mouth  of  a  convergent-divergent  nozzle.  The  specimen  was 
heated  to  soaking  temperature  by  means  of  a  single  turn  of 
tungsten  wire,  the  current  through  which  could  be  varied 
by  means  of  a  variable  0-140  volt  transformer. 

The  quenching  gas,  which  was  either  helium  or  argon, 
was  delivered  from  a  bottle  which  was  under  a  pressure  of 
2000  psi.  The  pressure  in  the  line  downstream  from  the 
bottle  was  regulated  to  15  psi.  The  gas  was  released  for 
quenching  by  means  of  an  "Asco"  solenoid  valve  designed 
for  pressure  differences  of  200  psi.  When  this  was  opened 
the  gas  travelled  through  the  convergent-divergent  nozzle 
impinging  on  the  specimen  at  supersonic  velocities.  Helium 
gas  was  used  for  the  fastest  rates,  argon  gas  was  used  to 
give  intermediate  cooling  rates.  The  slowest  rates  were 
obtained  by  cooling  in  the  vacuum  and  slowly  reducing  the 
current  through  the  furnace  by  turning  down  the  variable 
transformer  with  a  variable  speed  reducer. 

The  Vacuum  System.  A  vacuum  of  IxlO-^  mm.  Hg  was  main¬ 
tained  inside  the  bell- jar  which  was  sealed  by  means  of  an 
L-ring  to  a  flat-machined  brass  plate.  The  thermocouple 
leads  entered  the  system  through  a  glass-metal  seal.  The 
leads  for  the  furnace  were  sealed  in  by  means  of  O-rings. 

The  vacuum  was  maintained  by  a  2-inch  fractionating  oil 
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diffusion  pump  (capacity  90  litres  per  sec.)  backed  up  by 
a  mechanical  pump  (capacity  150  litres  per  sec.)  through  a 
half-inch  line.  The  pressure  was  measured  by  a  Balzers 
hot-cathode  ionization  gauge,  type  J.M.G.I. 

The  Recording  Apparatus.  The  thermocouple  leads 
were  connected  via  co-axial  leads  to  an  oscilloscope,  and 
could  also  be  plugged  into  a  potentiometer.  The  oscillo¬ 
scope  was  a  "Tektronix"  type  502  which  had  a  voltage  scale 
range  of  200  ^  volts  per  cm.  to  50  volts  per  cm.  The - 
range  of  the  time  base  was  5  sec.  per  cm.  to  1  sec.  per 
cm.  The  voltage  base  was  accurate  to  3  pet.  and  rise  time 
response  was  0.1  sec. 

The  potentiometer  was  a  Leeds  and  Northrup  instru¬ 
ment  reading  to  0.025  mV.  The  cold- junction  of  the 
thermocouple  wires  was  at  measured  room  temperature.  The 
temperature  of  the  specimen,  using  the  potentiometer,  could 
be  determined  to  an  accuracy  of  +  1°C.  The  potentiometer 
was  used  to  calibrate  the  oscilloscope. 

Procedure 

The  quench  unit  was  out-gassed  by  evacuating  to 
10  mm.  Hg  and  heating  for  10  hours  under  infra-lamps. 

The  tungsten  filament  was  out-gassed  by  maintaining  it  in 
the  vacuum  above  1000°C  for  1  hour. 


. 
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Prior  to  evacuating  the  apparatus,  a  thin  wedge  of 
quartz  was  placed  between  the  thermocouple  wires  attached 
to  the  specimen  and  clamped  above  the  mouth  of  the  nozzle. 
The  specimen  was  heated  to  a  steady  temperature  somewhere 
in  the  region  of  the  transformation  temperature.  This 
temperature  was  read  accurately  on  the  potentiometer  and  a 
photograph  of  the  line  trace  corresponding  to  this  tempera¬ 
ture  on  the  oscilloscope  was  taken.  The  specimen  was  then 
soaked  for  2  minutes  at  950°C  and  quenched  by  throwing  a 
switch  which  simultaneously  cut  off  the  current  to  the 
furnace  and  opened  the  solenoid  valve.  At  the  same  time, 
the  trace  of  the  cooling  curve  on  the  oscilloscope  was 
photographed . 
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FIGURE  1 


ELECTRIC-ARC  FURNACE 
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FIGURE  3 
THE  QUENCH  UNIT 


FIGURE  4 

SHOWS  SPECIMEN  IN  PLACE  IN  THE  QUENCH  UNIT 

(cf.  FIG.  5) 
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FIGURE  5 

SCHEMATIC  DIAGRAM  OF  QUENCHING  UNIT 
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FIGURE  6 

SPECIMEN  HOLDER  USED  TO  ORIENTATE  THE  PRE-POLISHED 
SPECIMENS  THAT  HAD  BEEN  QUENCHED  IN  ORDER  TO 
BRING  THESE  SURFACES  PERPENDICULAR  TO  THE 
FIELD  OF  VIEW  OF  THE  MICROSCOPE 


CHAPTER  III 


RESULTS 

A  typical  cooling  curve  is  shown  in  Fig.  7.  In  such 
curves,  the  start  of  the  transformation  was  taken  to  be  on 
the  corner  of  the  first  elbow.  However,  on  many  cooling 
curves  at  higher  rates,  the  change  in  slope  was  not  so  well 
marked  at  the  start  of  the  transformation  and,  in  such 
cases,  the  start  of  the  transformation  was  arbitrarily  taken 
to  be  at  the  intersection  of  a  line  tangential  to  the  curve 
before  the  start  of  the  transformation  on  a  line  tangential 
to  the  curve  between  the  start  and  finish  of  the  transfor¬ 
mation.  This  was  supposedly  the  most  consistent  way  of 
determining  the  temperature  of  the  start  of  the  transforma¬ 
tion.  In  many  cases  the  change  in  slope  was  so  gradual 
that  to  assess  the  start  of  the  transformation  (which  will 
be  referred  to  subsequently  as  simply,  transformation  tem¬ 
perature)  by  eye  would  have  been  too  subjective. 

The  accuracy  in  measuring  the  beginning  of  the 
transformation  depended  very  much  on  the  rate  of  cooling. 

At  the  lower  rates  (up  to  about  10, 000°C/sec),  the  accuracy 
was  within  +  5°C;  at  higher  rates,  it  was  probably  about 
+  10°C.  The  measurement  of  rate  was  also  rather  subjec¬ 
tive,  as  the  slope  of  the  tangent  to  the  cooling  curve 
immediately  before  the  transformation  was  measured.  This 
was  particularly  difficult  in  the  high  manganese  alloys, 
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where  the  transformation  temperature  was  low,  and  on  curves 
in  which  the  slope  was  changing  quite  rapidly.  In  these 
cases,  however,  the  rate  would  not  be  in  error  by  more  than 
+  500°C  per  sec. 

The  transformation  temperature  versus  cooling  rate 
data  are  plotted  in  Figs.  8,  9,  10,  11,  and  12.  The  lowest 
transformation  temperature  recorded  for  each  alloy  is  plotted 
against  manganese  content  in  Fig.  13.  Figure  14  shows  the 
transformation  temperature  for  each  alloy  plotted  against 
manganese  content  at  a  cooling  rate  of  450°C  per  sec.,  and 
these  are  compared  with  the  values  obtained  by  Troiano  and 
McGuire.  These  are  included  mainly  because  these  are  the 
only  rate  data  available  for  comparison. 

Typical  surfaces  of  specimens  which  have  been  polished 
before  quenching,  and  which  have  been  polished  and  etched  * 
after  quenching  are  shown  in  Figs.  15-20. 

Needle  specimens  for  X-ray  diffraction  experiments 
were  also  prepared  from  the  1  at.  pet.  and  10  at.  pet.  Mn 
alloys.  One  needle  sample  of  each  alloy  was  soaked  for  2 
minutes  at  950°C  and  slowly  cooled  in  the  vacuum  (200°C  per 
sec.  for  1  at.  pet.  alloy  and  75°C  per  sec.  for  10  at.  pet. 
alloy) .  Another  needle  sample  from  each  alloy  was  soaked  for 
2  minutes  at  950°Cand  quenched  in  a  stream  of  helium  gas 
(15,000°C  per  sec.  for  1  at.  pet.  alloy  and  9,000°C  per  sec. 
for  10  at.  pet.  alloy) .  These  samples  were  then  used  in  the 


*  A  2  pet.  Nital  etchant  was  used  throughout. 
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Debye-Scherrer  camera  technique,  and  a  powder  photograph  of 
each  was  taken  using  Co  Kcx  radiation.  The  photographs  were 
analyzed  by  a  micro-densitometer  to  see  if  there  was  any  dif¬ 
ference  in  line  breadth  between  the  rapidly  and  slowly  cooled 
specimens.  No  marked  difference  in  line  breadth  was  observed; 
but  the  10  at.  pet.  samples  gave  much  more  diffuse  patterns 
than  did  the  1  at.  pet.  samples. 

Supplementary  experiments  were  conducted  as  checks. 
Various  sizes  of  specimens  were  quenched  at  approximately  the 
same  rate  to  see  if  the  size  of  a  specimen  affected  the  trans¬ 
formation  temperature.  The  size  effect  was  found  to  be  negli¬ 
gible  within  the  range  of  sizes  used  throughout  the  course  of 
the  main  experiment.  Further  experiments  were  carried  out  to 
determine  the  effect  of  soaking  temperature  on  the  transfor¬ 
mation?  here,  again,  a  negligible  effect  was  found  between 
soaking  temperatures  of  950°C  and  1,050°C.  A  further  supple¬ 
mentary  experiment  showed  that  consistent  results  would  be 
obtained  if  each  sample  were  soaked  at  950°C  for  over  one 


minute . 
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FIGURE  7 

TYPICAL  COOLING  CURVE  7  PCT.  SAMPLE 
COOLING  RATE  35,000°C  PER  SEC. 


This  point  was  taken  to  be  the 
start  of  the  transformation. 


COOLING  RATE  VERSUS  TRANSFORMATION  TEMPERATURE 
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Cooling  Rate  x  103  °C  per  sec. 


Transformation  temperature  in  °C 


Cooling  Rate  x  LO3  °C  per  sec. 


COOLING  RATE  VERSUS  TRANSFORMATION  TEMPERATURE 
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Transformation  temperature  in  °C 


Cooling  Rate  x  103  °c  per 
FIGURE  11 


COOLING  RATE  VERSUS  TRANSFORMATION  TEMPERATURE 
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Cooling  Rate  x  103  °C  per 
FIGURE  12 


LOWEST  TRANSFORMATION  TEMPERATURE  REACHED 
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FIGURE  15 


1  PCT .  FE-MN  ALLOY  QUENCHED  AT  290°C  PER  SEC. 
FROM  950°C  SHOWING  THERMALLY  ETCHED 
PRIOR  AUSTENITE  GRAINS.  MAG.300X. 


FIGURE  16 

SAME  SAMPLE  POLISHED  THEN  QUENCHED 
AT  20 , 000°C  PER  SEC..  MAG.300X. 
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FIGURE  17 


2  PCT .  FE-MN  ALLOY  POLISHED  THEN  QUENCHED  AT 
37 , 500°C  PER  SEC.  USING  OBLIQUE  LIGHTING 
MAG.  300X 
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FIGURE  18 

MICRO STRUCTURE  OF  5%  SAMPLE  QUENCHED 
AT  20 , 000°C  PER  SEC.  MAG.700X. 
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FIGURE  19 


THERMALLY  ETCHED  PRIOR  AUSTENITE  GRAINS  OF 
10%  SAMPLE  AFTER  QUENCHING  AT 
12 , 000°C  PER  SEC.  MAG.  /00X. 


FIGURE  20 

MICROSTRUCTURE  OF  THE  SAME  AREA 
SHOWN  IN  FIG. 19.  MAG.  *00X 


CHAPTER  IV 


DISCUSSION 

The  transformation  temperature  of  each  alloy  has 
been  depressed  to  a  temperature  from  which  it  could  not  be 
depressed  further  by  increased  cooling  rates.  For  example, 
the  transformation  temperature  of  the  1  at.  pet.  Mn  alloy 
was  depressed  to  680°C  by  cooling  from  950°C  at  a  rate  of 
10,000°C  per  sec.,  but  it  could  not  be  lowered  further  by 
increasing  the  cooling  rate  to  nearly  50,000°C  per  sec. 
Polished  specimens  that  were  quenched  at  such  a  rate  as  to 
transform  at  this  minimal  temperature  (especially  the  1  and 
2  at.  pet.  samples)  were  found  to  have  rumpled  surfaces  which 
were  very  similar  in  appearance  to  those  in  other  alloy 
systems  (e.g.  Fe-C,  Fe-Ni)  in  which  the  transformation  pro¬ 
duct  is  said  to  be  martensite. 

These  observations  indicate  that  specimens  that  have 
transformed  at  a  temperature  at  which  the  transformation  tem¬ 
perature  is  independent  of  cooling  rate  have  transformed 
martensitically .  A  plot  of  the  transformation  temperatures 
which  are  independent  of  cooling  rate  against  manganese  con¬ 
tent  is  shown  in  Fig.  13.  This  may  be  compared  with  the 
curve  of  "Ms  values"  plotted  by  Hansen  (42)  on  the  basis  of 
data  obtained  by  Troiano  and  McGuire  (7),  and  with  the 
results  of  Jones  and  Pumphrey  (39) . 
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Troiano  and  McGuire  plot  their  results  for  a  cooling 
rate  of  450°C  per  sec.  and  admit  that  the  transformation 
temperatures  of  alloys  containing  less  than  3.2  at.  pet.  Mn 
were  still  depressed  at  rates  of  over  3,000°C  per  sec.  and 
do  not  commit  themselves  as  to  whether  the  product  is  marten¬ 
site  or  not.  They  merely  state  that  the  transformation 
product  was  supersaturated  oC  -phase.  Jones  and  Pumphrey  only 
used  three  Fe-Mn  alloys  (1.4,  3.6,  8.6  at.  pet.  Mn)  and  in 
their  dilatometric  experiments,  found  that  the  transformation 
temperatures  of  their  alloys  were  independent  of  cooling  rate 
within  the  range  2°C  per  min.  and  150°C  per  min.  From  this 
evidence,  and  because  they  observed  a  stabilization  effect 
similar  to  that  found  in  many  martensites,  they  concluded 
that  the  transformation  was  martensitic.  So  the  only  justi¬ 
fication  for  the  Ms  curve  drawn  by  Hansen  for  alloys  contain¬ 
ing  less  than  3.2  at.  pet.  Mn  appears  to  be  the  one  point 
obtained  by  Jones  and  Pumphrey  at  1.4  at.  pet.  and  a  cooling 
rate  of  10°C  per  min.  The  results  of  the  present  investiga¬ 
tion  show  clearly  that  the  transformation  can  be  depressed  by 
high  cooling  rates  to  temperatures  very  much  lower  than  those 
previously  published.  (From  Fig.  13  it  may  be  seen  that  at 
rates  of  over  10,000°C  per  sec.,  a  1.4  at.  pet.  alloy  will 
transform  at  a  temperature  which  is  more  than  200°C  below  the 
transformation  temperature  given  by  Jones  and  Pumphrey  for 
this  alloy  cooled  at  10°C  per  min.)  Figure  15  shows  a 
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polished  1  at.  pet.  Mn  sample  which  was  quenched  at  250°C  per 
sec;  this  sample  shows  no  surface  rumpling  at  all  and  (on  the 
basis  of  the  surface  tilting  criterion)  is  definitely  not 
martensitic.  Surfaces  which  were  polished  and  quenched  at 
sufficiently  rapid  rates  to  produce  the  minimal  transformation 
did,  however,  show  rumpled  surfaces,  as  shown  in  Figs.  16  and 
17,  and  appeared  martensitic  with  the  exception  perhaps  of  the 
10  at.  pet.  samples.  However,  when  these  quenched  specimens 
were  polished  and  etched,  the  microstructures  obtained  did  not 
resemble  any  known  martensite  microstructures  (see  Figs.  18 
and  20)  which  are  usually  in  the  form  of  plates  with  definite 
orientations  within  any  single  prior  austenite  grain.  Marten¬ 
site  plates  also  never  cross  the  prior  austenite  grain  boun¬ 
daries.  Figure  19  shows  the  structure  observed  on  a  polished 
specimen  which  has  been  quenched  at  10,000°C  per  sec.,  and 
Fig.  20  shows  this  same  quenched  specimen  at  the  same  magni¬ 
fication  after  the  surface  in  Fig.  19  has  been  polished  and 
etched.  If,  now,  the  thermally  etched  prior  austenite  grains 
of  Fig.  19  are  traced  on  paper  and  the  prominent  grains  of 
Fig.  20  are  similarly  traced  onto  another  piece  of  paper,  and 
the  two  pieces  of  paper  are  placed  over  one  another  and 
oriented  using  the  crack  running  down  the  center  of  each  photo¬ 
graph,  it  may  be  seen  that  the  two  structures  appear  to  bear 
no  relation  to  one  another;  grain  boundaries  of  Fig.  20  cross 
grain  boundaries  in  Fig.  19.  This  indicates  that  the 
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transformation  has  been  diffusion-controlled  if  it  can  be 
assumed  that  the  specimen  was  polished  and  etched  in  a  plane 
parallel  to  the  thermally  etched  surface  and  that  the  polish 
only  removed  a  layer  whose  thickness  was  very  small  compared 
to  the  austenite  grain  size. 

The  curve  in  Fig.  13  extrapolates  to  a  transformation 
temperature  of  approximately  910°C  for  pure  iron.  This  would 
not  be  surprising  if  the  transformations  taking  place  at  the 
temperatures. plotted  on  this  curve  were  diffusion-controlled. 
The  highest  Ms  temperature  reported  (33)  for  pure  iron  is 
750°C.  However,  the  iron  in  this  investigation  of  Bibby  and 
Parr  actually  contained  0.0017  wt.  pet.  of  non-metallic 
impurities,  most  of  which  were  probably  carbon?  and  since 
their  investigation  showed  that  the  Ms  temperature  of  iron 
was  critically  dependent  on  carbon  concentration,  the  Ms  tem¬ 
perature  of  perfectly  pure  iron  could  possibly  approach  910°C. 
The  carbon  content  in  the  alloys  of  the  present  investigation 
was  less  than  0.01  wt.  pet.,  but  manganese  is  a  carbide 
former  (43)  and  so  may  take  the  carbon  out  of  solution.  Hence 
the  fact  that  Fig.  13  extrapolates  to  910°C  may  be  no  reason 
for  assuming  that  the  transformations  plotted  there  are  dif¬ 
fusionless  . 

Two  other  investigations  have  been  made  using  similar 
quenching  rates  to  those  of  the  present  investigation.  These 
were  studies  of  transformations  in  the  Fe-C  system  by  Bibby 


43 


and  Parr  (33)  and  transformations  in  the  Fe-Ni  system  by 
Swanson  and  Parr  (32).  In  each  of  these  investigations  the 
curves  of  transformation  temperatures  versus  cooling  rate 
were  very  similar  to  those  determined  in  the  present  investi¬ 
gation,  except  that  at  a  critical  rate,  depending  on  the  alloy 
content,  there  was  a  step  in  the  curves  of  approximately  50°C 
from  one  constant  transformation  temperature  to  another.  The 
higher  constant  transformation  temperature  was  designated 
massive  and  exhibited  little  rumpling?  the  product  at  the 
lower  constant  transformation  temperature  was  called  marten¬ 
site  and  exhibited  a  typical,  acicularly,  rumpled  surface  in 
specimens  that  had  been  polished  and  quenched.  However,  the 
10  at.  pet.  Ni  specimens  in  the  Fe-Ni  investigation  did  not 
exhibit  this  behaviour.  In  fact,  the  10  at.  pet.  alloy  gave 
a  transformation  temperature  versus  cooling  rate  curve  which 
was  very  similar  to  the  curves  determined  in  this  investiga¬ 
tion?  and  (as  in  this  investigation)  samples  of  this  alloy 
that  had  transformed  at  this  single  transformation  tempera¬ 
ture  (which  was  independent  of  cooling  rate)  exhibited  a 
typically  martensitic  appearance  on  surfaces  that  had  been 
polished  and  then  quenched.  The  rumpled  surfaces  obtained  by 
Swanson  and  Parr  were  not  subsequently  polished  and  etched  to 
show  the  underlying  microstructure.  However,  Gilbert  and 
Owen  (31)  in  their  investigation  of  transformations  in  Fe-Ni 
alloys,  found  that  quenched  alloys  having  a  nickel  content  of 


' 


44 


up  to  15  at.  pet.  at  5,000°C  per  sec.  reached  a  constant 
transformation  temperature  and  that  specimens  polished  after 
quenching  gave  microstructures  which  were  called  "typically 
massive" .  These  resembled  the  microstructures  in  the  present 
investigation  obtained  by  polishing  and  etching  samples  which 
had  transformed  at  constant  temperature. 

They  also  resembled  the  microstructures  obtained  by 
Hull  and  Garwood  (40)  ,  who  showed  that  the  blocks  of  massive 
oi.  in  60:40  copper-zinc  alloys  had  many  distinct  crystallo¬ 
graphic  facets.  Hull  and  Garwood  also  found  that  "frequently 
these  coincide  with  low-indices  planes  of  the  parent  grain, 
whilst  others  lie  parallel  to  the  irrational  habit  planes 
adopted  by  the  strain  and  other  martensitic  transformations." 
Hence  they  suggested  that  the  same  dislocation  mechanism  may 
apply  for  the  growth  of  the  massive  phase  as  well  as  for  the 
martensite  phase. 

The  observation  that  the  transformation  temperatures 
cannot  be  depressed  at  high  cooling  rates  necessarily  means 
that  the  transformation  mechanism  must  be  massive  in  charac¬ 
ter  or  martensitic. 

If  the  transformation  were  martensitic,  the  block¬ 
like  appearance  of  the  transformed  material  should  be 
explained.  The  absence  of  the  typical  plate-like  martensite 
structures  in  the  microstructure  of  the  subsurface  metal  may 
be  rationalized  if  it  were  assumed  that  after  the  shear 
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transformation  has  taken  place,  all  the  atoms  register 
across  a  number  of  martensite  plates  that  have  all  sheared 
in  the  same  direction.  This  would  give  a  microstructure 
similar  to  that  observed  and  would  be  analogous  to  the 

phenomenon  which  occurs  when  a  polished  metal  is  squeezed 

0 

in  a  vise.  Slip  lines  appear  on  the  surface?  but  if  the 
surface  is  then  polished  and  etched,  the  slip  lines  do  not 
reappear.  After  limited  slip,  atoms  register  again  with  the 
other  atoms  in  the  lattice.  Correspondingly,  the  martensite 
plates  in  the  individual  blocks  would  not  be  revealed  by 
polishing  and  etching  but  would  probably  produce  individual 
tilts  on  pre-polished  surfaces. 

On  the  other  hand,  diffusion-controlled  transforma¬ 
tions  have  been  reported  which  nevertheless  exhibit  rumpling 
on  pre-polished  surfaces  and  which  show  habit  planes  *  The 
best  known  example  of  this  type  of  transformation  is  that  of 
austenite-bainite  where  the  diffusion  of  carbon  is  probably 
rate  controlling,  but  in  which  the  structural  change  involves 
the  cooperative  displacement  of  iron  atoms  and  atoms  of  sub¬ 
stitutional  solutes  (44) .  Another  example  is  the  diffusion- 
controlled  cubic  to  orthorhombic  transformation  in  Cu  Au 
alloys  (45) .  Each  of  these  systems  also  involves  some  kind 
of  shear  mechanism  associated  with  the  transformation?  how¬ 
ever,  the  surface  rumpling  is  generally  matched  by  the  under¬ 
lying  microstructure  revealed  by  polishing  and  etching. 


... 
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The  diffusion  coefficient  for  self-diffusion  of  iron 
has  been  determined  recently  (46) .  In  the  y  -phase,  its 
dependence  on  temperature  was  given  by  the  expression: 

D  =  0.18  exp.  -.6A/_1.QQ  cm2/sec . 

RT 

where  64,500  cals,  per  mole  is  the  activation  energy  for 
self -diffusion . 

If  the  extrapolation  to  700°C  is  assumed  to  be  valid, 

-15  2 

this  gives  a  self-diffusion  coefficient  of  6  x  10  cm 
per  sec. 

The  diffusion  length,  or  the  average  distance  an  atom 

moves  in  a  given  time  '  t '  ,  is  given  by  L  =  \l  Dt.  If  the 

' t '  is  the  time  taken  for  the  temperature  to  drop  from  910°C 

to  700°C  at  50,000°C  per  sec.  (which  is  approximately  the 

transformation  temperature  of  the  1  at.  pet.  Mn  alloy  at 

this  quenching  rate),  then  ' L '  would  have  the  value  of 
_9 

2.5  x  10  cms.  The  inter-atomic  distance  is  approximately 
an  order  of  magnitude  greater  than  this.  However,  this 
represents  the  average  distance  an  iron  atom  will  move  in  a 
pure  iron  f.c.c.  lattice  with  no  driving  forces  for  diffusion 
present.  At  700°C  the  -phase  is  metastable;  therefore,  the 
massive  transformation  might  be  better  described  as  small 
volumes  of  X  -phase  collapsing  from  a  high  energy  configura¬ 
tion  to  a  lower  one  through  the  random  motion  of  atoms  so 
that  diffusion  in  the  ordinary  sense  of  the  word  is  not 
required . 
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CHAPTER  V 


SUMMARY  AND  CONCLUSIONS 


The  observation  that  the  transformation  temperatures 
of  these  alloys  are  not  depressed  appreciably  over  wide 
ranges  of  cooling  rates,  rules  out  the  normal  type  of  diffu¬ 
sion  transformation.  The  only  types  of  solid-state  trans¬ 
formation  that  have  been  observed  and  which  could  apply 
under  these  conditions  are  massive  transformations  and  mar¬ 
tensitic  transformations.  The  evidence  from  the  present  work 
in  favour  of  each  of  these  transformations  is  given  below. 

Massive  Transformation 

1.  The  transformation  is  diffusionless  (in  the  usual 
sense  of  the  word) .  That  is,  there  can  be  no  long  range 
diffusion,  because  if  there  were,  the  transformations  would 
be  depressed  to  lower  temperatures  continuously  with  increas¬ 
ing  cooling  rates,  particularly  since  the  diffusion  of  man¬ 
ganese  in  iron  is  very  slow  (7) . 

2.  The  transformed  material  arranges  itself  in 
blocks,  many  of  the  sides  of  which  appear  straight  and  to 
have  definite  orientations  in  the  specimen,  and  are  similar 
to  massive  structures  observed  in  other  systems  (31,  40,  47). 

3.  The  boundaries  of  the  transformed  blocks  appear  to 
cross  the  prior  austenite  grain  boundaries  (see  Figs.  19  and 
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20) .  (Martensite  plates  always  terminate  at  the  prior 
austenite  grain  boundaries) . 

4.  The  curve  of  manganese  content  versus  transfor¬ 
mation  temperature  extrapolates  to  910°C  for  pure  iron  (Fig. 
13) .  This  evidence  would  tend  to  support  a  diffusion- 
controlled  transformation.  Further,  the  shape  of  this  curve 
is  very  similar  to  the  curve  obtained  by  Owen  for  massive 
transformations  in  Fe-Ni  at  cooling  rates  of  5,000°C  per 
sec .  ( 31 ) . 

Martensitic  Transformation 

1.  Many  of  the  specimens  quenched  at  rates  at  which 
their  transformation  temperatures  were  independent  of  cool¬ 
ing  rate  showed  rumpled  surfaces  on  pre-polished  specimens. 
This  was  particularly  noticeable  in  the  specimens  of  lower 
manganese  content.  Their  surfaces  were  very  similar  in 
appearance  to  quenched  specimens  of  other  alloys  in  which 
the  transformation  is  accepted  as  martensitic  (e.g.  Fe-Ni, 
Fe-C) . 

2.  The  fact  that  the  transformation  temperature 
remains  constant  at  rapid  cooling  speeds  implies  that  the 
transformation  rates  must  be  extremely  high.  A  shear 
mechanism  is  a  very  much  faster  transformation  mechanism 
than  a  diffusion-controlled  one,  because  in  a  shear  mechanism 
all  the  transforming  atoms  which  are  to  make  up  a  single 
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martensite  plate  will  move  cooperatively  to  the  new  crystal 
structure . 

On  the  basis  of  the  present  investigation,  it  is 
impossible  to  resolve  which  of  the  two  mechanisms  is  opera¬ 
tive.  Perhaps  both  mechanisms  are  operating  almost  simul¬ 
taneously.  A  decision  could  possibly  be  reached  if  the 
orientation  relationships  and  the  habit  plane  were  known. 
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TABLE  1 

Rate  Data  for  1  pet.  Mn  Alloy 


Cooling  Rate  Transformation  Temperature 

515°  C/sec.  -  826°  C 

3,290°  C/sec.  -  750°  C 

6,100°  C/sec.  - 719°  C 

8,500°  C/sec.  - 694°  C 

10,950°  C/sec.  -  683°  C 

11,100°  C/sec.  -  690°  C 

12,000°  C/sec.  -  680°  C 

13,560°  C/sec.  -  676°  C 

16,160°  C/sec.  -  688°  C 

16,500°  C/sec  -  675°  C 

18,000°  C/sec  -  679°  C 

19,750°  C/sec.  -  683°  C 

22,410°  C/sec.  -  680°  C 

23, 200°  C/sec.  -  672°  C 

24,475°  C/sec.  -  679°  C 

26,000°  C/sec.  -  680°  C 

36,500°  C/sec.  0 -  680°  C 

37,380°  C/sec.  — -  674°  C 

46,170°  C/sec.  -  673°  C 
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TABLE  II 

Rate  Data  for  2  pet.  Mn  Alloy 


Cooling  Rate 


Transformation  Temperature 


205°  C/sec. -  7  50°  C 

3,150°  C/sec.  -  600°  C 

4,500°  C/sec.  -  572°  C 

7,590°  C/sec.  -  542°  C 

9,000°  C/sec.  -  539°  C 

10,340°  C/sec.  -  531°  C 

12, 500°  C/sec.  -  532°  C 

13,000°  C/sec.  — - 537°  C 

13,960°  C/sec.  -  536°  C 

15,500°  C/sec.  -  534°  C 

16,380°  C/sec.  -  536°  C 

21,500°  C/sec.  -  536°  C 

24,100°  C/sec.  -  530°  C 

24,650°  C/sec.  -  532°  C 

34,970°  C/sec.  -  530°  C 

38,300°  C/sec.  -  535° 
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Rate  Data 
Cooling  Rate 
100°  C/sec 
1,050°  C/sec 
2,460°  C/sec 
3,540°  C/sec 
4,540°  C/sec 
4,870°  C/sec 
5,850°  C/sec 
9, 200°  C/sec 
11,600°  C/sec 
14,750°  C/sec 
15,000°  C/sec 
15,725°  C/sec 
15,950°  C/sec 
18,410°  C/sec 
19,600°  C/sec 
21,000°  C/sec 
22,500°  C/sec 
23,220°  C/sec 
30 , 000°  C/ sec 
35,500°  C/sec 


TABLE  III 
for  5  pet.  Mn  Alloy 

Transformation  Temperature 

.  -  7  20°  C 

,  -  491°  C 

,  -  466°  C 

-  466°  C 

,  -  467°  C 

,  -  452°  C 

,  -  450°  C 

,  -  438°  C 

,  -  434°  C 

,  - -  442°  C 

,  -  442°  C 

,  -  440°  C 

,  -  440°  C 

,  -  438°  C 

,  -  440°  C 

,  -  443°  C 

,  -  442°  C 

,  -  440°  C 

,  -  436°  C 

,  -  438°  C 
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TABLE  .IV 

Rate  Data  for  7  pet.  Mn  Alloy 


Cooling  Rate  Transformation  Temperature 

100°  C/sec.  -  420°  C 

1,900°  C/sec.  -  390°  C 

6 ,870°  C/sec.  -  384°  C 

13,400°  C/sec.  -  386°  C 

13,700°  C/sec.  -  382°  C 

14,030°  C/sec.  -  382°  C 

14,400°  C/sec.  -  384°  C 

14,800°  C/sec.  -  384°  C 

16,870°  C/sec.  -  384°  C 

20,760°  C/sec.  -  378°  C 

23,800°  C/sec.  -  383°  C 

26,880°  C/sec.  -  380°  C 

30,300°  C/sec.  -  375°  C 

32,000°  C/sec.  -  380°  C 

35,000°  C/sec.  -  379°  C 


■ 


...... 

' 

TABLE  V 


Rate  Data  for  10  pet.  Mn  Alloy 
Cooling  Rate  Transformation  Temperature 

50°  C/sec.  -  283°  C 

100°  C/sec.  -  280°  C 

850°  C/sec.  -  256°  C 

1,857°  C/sec.  - 250°  C 

3,365°  C/sec.- -  254°  C 

3,486°  C/sec.  - 253°  C 

5,740°  C/sec.  -  252°  C 

6,775°  C/sec.  -  254°  C 

7,900°  C/sec.  - 253°  C 

9,780°  C/sec. - 248°  C 

11,240°  C/sec.  -  251°  C 

16,560°  C/sec.  -  246°  C 

19,180°  C/sec.  -  249°  C 

25,500°  C/sec.  - 248°  C 

27,200°  C/sec.  -  250°  C 

34,200°  C/sec.  -  250°  C 


